Background: High BMI has been shown to be protective against tuberculosis (TB) among HIV-uninfected individuals, as well as against disease progression and mortality among those with HIV. We examined the effect of BMI on all-cause mortality and TB incidence among a cohort of HIV-infected adults in Soweto, South Africa.
Background
Currently, there are 33 million people worldwide infected with HIV and South Africa bears the largest global burden of this disease, with an estimated 5.7 million infected individuals [1] . Despite the rollout of HAART in South Africa, tuberculosis (TB) incidence (940/100 000/years) continues to rise, as does mortality due to TB (218/100 000/years) [2] . TB remains the leading cause of death among those with HIV in Africa [1] .
Low BMI is a strong, independent predictor of mortality among HIV-infected adults [3, 4] , a relationship also found in those initiating HAART [5, 6] . Overweight and obese BMI, traditionally associated with increased mortality, have been shown to be protective against mortality and disease progression in HIV-infected individuals [7] [8] [9] . No published studies to date have examined the relationship between overweight/obese BMI and mortality or risk of TB set in the context of a developing country. As one of the most developed countries in sub-Saharan Africa, South Africa has a rising prevalence of obesity. The most recent Demographic and Health Survey reported that 21% of men were overweight and 7% were obese, whereas among women 27% were overweight and 27% were obese [10] . A survey conducted in the KwaZulu-Natal Province of South Africa found 43 and 17% prevalence of overweight and obesity, respectively, among HIV-infected individuals [11] .
We used prospectively collected data from a large cohort of HIV-infected adults in Soweto, South Africa to investigate the relationship between BMI and both allcause mortality and incident TB.
Methods
The Perinatal HIV Research Unit (PHRU) operates a wellness clinic, which has provided preantiretroviral therapy (pre-ART) care and support for HIV-infected adults in Soweto, South Africa since 2003. Since HAART became available in April 2004, patients meeting treatment criteria are referred for HAART initiation; where possible they are followed up while taking HAART. Soweto is a relatively well resourced suburb of Johannesburg with high rates of home electrification and access to piped potable water. The median GDP per capita in Gauteng province where Soweto is located is approximately USD 5000 [12] and antenatal HIV seroprevalence is approximately 30% [13] .
Participants in this cohort study were either self-referred or identified through voluntary counseling and testing programs or research programs at the PHRU. Consenting adults over the age of 18 were enrolled from July 2003 to December 2008. A questionnaire covering sociodemographics, clinical symptoms, and general medical history was administered by a study nurse at the initial visit. Ongoing data collection visits were scheduled 4-7 months apart during which a follow-up questionnaire was administered, collecting inter alia information on hospital admissions, TB symptoms, HAART use and compliance, and use of other medications. Weight was measured and CD4 cell counts were determined at each study visit. Height was measured at baseline. At least one sputum sample was collected from TB suspects for smear microscopy and liquid culture. Patients were offered cotrimoxazole according to modified WHO guidelines. Isoniazid preventive therapy (IPT) was offered to patients with a positive tuberculin skin test (TST) until January 2009, after which it was offered to all those without a history of prior TB as well as no signs of active TB. Family planning methods were offered to women, and symptomatic patients were provided with syndromic sexually transmitted infection treatment, and when appropriate, treatment for common HIV-related conditions. Referrals were made for HAART when patients became eligible according to the then current South African guidelines (CD4 cell count <200 cells/ml or WHO stage 4 illness) [14] .
Patients not returning for study visits were actively followed through phone calls, reminders mailed to their addresses, and home visits. Deaths were ascertained through family contacts or home visits and were verified by death certificate whenever available. Ethics approval to collect data was obtained from University of the Witwatersrand's Human Research Ethics Committee and for secondary data analysis without personal identifiers, from the Johns Hopkins Medicine institutional review board. CD4 cell count and complete blood count was assessed by flow cytometry. CD4 cell count was investigated as both a baseline and time-varying covariate in separate analyses and was categorized as follows: <200, 200-349, 350-500, and >500 cells/ml. Baseline CD4 cell count values were restricted to those within 1 year of baseline visit, whereas those for most recent visit were restricted to those within 6 months of each follow-up visit. HAART and cotrimoxazole use was treated as a time-varying covariate, but once initiated, was assumed to continue uninterrupted until censoring or death. IPT use was treated as time-varying.
Exposure variables
Individuals reporting an episode of TB occurring more than 9 months prior to the first study visit were considered to have a history of TB. Individuals with either an episode of TB that occurred within the 9 months prior to the first study visit, one diagnosed at the first study visit, or one within 60 days after the first study visit were considered to have prevalent TB at baseline. Baseline household income was categorized as follows: <1000 Rand/month, 1000-5000 Rand/month, and >5000 Rand/month.
Outcome variables
Time to death was calculated from the date of baseline visit to reported date of death. A TB case was defined as the first instance of any one of the following: recorded initiation of multidrug TB therapy, presence of acid fast bacilli on microscopy or a biopsy suggestive of TB, mycobacterial culture positive for acid fast bacilli or Mycobacterium tuberculosis, being admitted to hospital with a diagnosis of TB, or cause of death ascribed to TB. TB cases were captured from among those found at regular visits, self-reported hospital admissions, and death certificates. Time to incident TB was recorded from the date of baseline visit to date of first occurrence of TB for those without TB at the baseline visit. Individuals with prevalent TB at baseline were only included in the analysis 270 days after their baseline visit, to allow for completion of treatment of TB during which they were not at risk for another episode of TB. Individuals who did not die or experience an event of interest in each analysis were censored at their final study visit.
Statistical methods
All statistical analyses were conducted using Stata/SE 10.1 [16] . Multiple imputation was used to assign values for the 7% (265) of participants missing values for height. The model used for imputing height was a linear model conditional on sex. Five separate imputed datasets were created [17] . Baseline values of BMI (Table 1) are reported using the mean value of these imputed heights, whereas those in the Cox proportional hazard model results (Tables  2 and 3 ) are reported using Rubin's pooling method [17] . The Stata ICE package was used to perform multiple imputation [18] . Confidence intervals (CIs) for binomial proportions were calculated using the Wald technique and the log-rank statistic was used to compare Kaplan-Meier curves. Cox proportional hazard models were used for all survival analyses, and the proportional hazard assumptions were checked using Schoenfeld residuals. Statistical significance was set at 0.05 for all analyses.
Associations between BMI and each outcome were investigated in several ways. First, we assessed associations of BMI and the outcomes of mortality and TB by using the BMI at entry to the cohort. Second, to ensure temporality, BMI was included as a time-varying variable, but lagged by one study visit to ascertain the most recent BMI prior to an event. Additionally, we performed several sensitivity analyses: excluding participants who had lost more than 10% of their body weight between the first and second visit (according to the WHO definition of wasting [19] ) from the analyses; excluding those with TB at baseline from the mortality analysis; and excluding those weighing less than 45 kg at baseline from both the mortality and TB analyses.
Results
A total of 3635 HIV-infected individuals were enrolled at the PHRU wellness clinic between June 2003 and May 2009. One hundred thirty (3%) were excluded from the analysis due to missing baseline CD4 cell count, an additional 46 (2%) due to missing baseline weight, and three (<1%) due to missing date of birth. Two hundred (10) 1702 (49) 798 (23) 621 (18) 3456 ( (22) 186 (11) 40 (5) 24 (4) 324 (9) <0.001 a History of TB, n (%) 258 (15) 55 (16) 78 (10) 47 (8) 438 (13 sixty-five (7%) individuals for whom height was imputed did not differ significantly from the remaining cohort on any characteristic of interest in this study (data not shown). The baseline characteristics for the remaining 3456 individuals at entry into the cohort stratified by baseline BMI are shown in Table 1 . At baseline, 41.1% (1419) of all individuals were overweight or obese (95% CI 39.4-42.8), 49.2% (1702) had normal BMI (95% CI 47.6-50.9%), and 9.6% (334) were underweight (95% CI 8.7-10.7%). More women were obese and overweight than men at baseline; 26.4% (715) of women compared to 11.0% (83) of men were overweight (P < 0.001) and 22.2% (599) of women compared to 2.9% (22) of men were obese (P < 0.001). During follow-up, 782 individuals (22.6%) were started on HAART, with a median CD4 cell count at HAART initiation of 138 cells/ml [interquartile range (IQR) . Four hundred and eighty (13.9%) individuals initiated IPT. The loss to follow-up by 2 years was 9.0% (95% CI 8.1-10.0). Those lost to follow-up did not differ significantly from those not lost to follow-up by any characteristic of interest in this study, including age, sex, baseline CD4 cell count, baseline BMI, or baseline household income. Median follow-up time by baseline BMI category was 2.9 years (IQR 2.1-3.8) for underweight; 3.2 years (IQR 2.4-3.9) for normal; 3.2 years (IQR 2.4-3.8) for overweight; and 3.2 years (IQR 2.3-3.8) for obese.
Mortality
Three thousand, four hundred and fifty-six patients had 8038 person-years of follow-up, during which 280 deaths were recorded: 3.5/100 person-years (95% CI 3.1-3.9). The median age at death was 35.4 years (IQR 31.0-40.7). The median BMI at baseline visit of those who died . A total of 7.9% (95% CI 5.0-11.7) of all deaths occurred while the individual was on HAART. In these, the median time from HAART initiation to death was 10 months (IQR 7-17).
In the underweight, normal, overweight, and obese categories, there were 80 deaths, 10.4/100 person-years (95% CI 8.3-12.9); 146 deaths, 3.6/100 person-years (95% CI 3.1-4.7); 31 deaths, 1.7/100 person-years (95% CI 1.2-2.4); and 23 deaths, 1.6/100 person-years (95% CI 1.1-2.4), respectively (Fig. 1) . Mortality rates by most recent BMI were similar to those at baseline BMI (data not shown). The median time between most recent BMI and death was 5.7 months (IQR 3.2-9.9). Figure 2 presents the Kaplan-Meier survival curves stratified by baseline BMI.
Using a Cox proportional hazard model, individuals with either overweight or obese BMI at baseline had a significantly reduced risk of mortality compared to those with normal BMI at baseline [adjusted hazard ratio (aHR), 0.55 (95% CI 0.37-0.82) and 0.60 (95% CI 0.38-0.95), respectively], after adjusting for baseline CD4 cell count, time-varying HAART use, cotrimoxazole use, sex, age, household income, employment, baseline smoking status, and years since HIV diagnosis. These findings were unchanged after excluding 135 (3.9%) individuals whose body mass decreased more than 10% between their first two visits; excluding 155 (4.4%) individuals with a baseline weight less than 45 kg; and dropping 281 individuals with prevalent TB at baseline (8.1%; data not shown).
A Cox proportional hazard model was also used to investigate risk of death in each most recent BMI category, relative to the normal (18.5-25) BMI category ( baseline, employment status) as well as cotrimoxazole use, age, sex, and baseline smoking status.
Tuberculosis
At baseline, 681 (20%; 95% CI 18-21) patients reported an episode of TB occurring more than 9 months before their first study visit. The prevalence of TB at the baseline visit was 8% (95% CI 7-9). Three thousand, four hundred and fifty-six patients had a total of 5000 personyears of follow-up for TB during which 226 incident TB cases occurred; 4.5/100 person-years (95% CI 4.0-5.1).
Incidence rates for each baseline BMI category were as follows: underweight, 7. These results remained significant and unchanged after excluding 681 individuals with either prevalent TB or a history of TB. Further excluding 135 (4%) patients who lost more than 10% of their body weight between the first two visits also did not significantly alter the effect of baseline BMI category on incident TB within this cohort, nor did exclusion of 155 (5%) individuals with a baseline weight less than 45 kg.
A Cox proportional hazard model was also used to investigate the relationship between most recent BMI and incident TB within the cohort, and 
Discussion
Our findings show a clear protective effect, with a dose response, of increasing BMI on both all-cause mortality and incident TB among HIV-infected adults in a South African cohort, after adjusting for CD4 cell count and HAART use. Specifically, persons with obese and overweight BMI have a significantly decreased risk of both mortality and TB, whereas those with underweight BMI have an increased risk of mortality. Our results are consistent with those of several published studies. ShorPosner et al. [8] reported an inverse relationship between BMI and mortality, independent of baseline CD4 cell count in a cohort of HIV-positive intravenous drug users in Miami, and Shuter et al. [9] found that overweight individuals had slower disease progression and lower viral load among a cohort of AIDS-free HIV-positive individuals in New York City, after adjusting for baseline CD4 cell count and time to antiretroviral initiation. Among a multisite US cohort of HIV-positive women, Jones et al. [7] found that both higher baseline and timevarying BMI were associated with slower disease progression, lower risk of clinical AIDS, and decreased risk of HIV-related mortality, after adjusting for CD4 cell count and viral load.
As in our study, individuals with obese and overweight BMI were also recently shown to be at a lower risk of TB, as compared to those with normal and underweight BMI, in a large cohort of elderly health-center patients in Hong Kong [20] . HIV status was unreported in this study, but given the demographic characteristics of the population under study, it can be assumed to have been low. This finding confirmed two earlier large studies, one conducted by Tverdal in Norway in 1986 [21] showing a decreased risk of TB with increasing BMI and one by Edwards et al. in 1971 [22] , finding a decreased progression to active TB disease among US naval recruits with an 'overweight body build' compared to those who were underweight. Recently, in Mumbai, India overweight men and women were shown to be at decreased risk for death attributed to TB [23] .
Nutritional differences between overweight or obese individuals and those with normal weight may be one biological driver for the protective effect seen here against both mortality and TB. Individuals with increased BMI may have higher daily protein and energy intake, which could result in more robust immune function and drive a reduction in both mortality and TB. However, a recent meta-analysis of eight randomized trials of macronutrient supplementation in HIV-infected adults found no increase in CD4 cell count, nor any evidence that supplemented protein and energy intake had an effect on mortality among these individuals [24] .
Differences in micronutrient intake could also be implicated in the associations shown here, as many micronutrient deficiencies have been described among those with TB as well as HIV [25] [26] [27] [28] [29] , but randomized trials of micronutrient supplementation for individuals with HIV have shown only modest effects on disease progression, morbidity, and mortality, with vitamin A alone showing an effect on all-cause mortality, and this only in children [30] . Vitamin D deficiency has been implicated as a risk factor for the development of TB, though a recent supplementation trial showed no clinical impact [31] . Although apparently protective against TB and all-cause mortality, a high proportion of these HIVinfected adults were overweight, raising concerns about current and future risks of metabolic and cardiovascular adverse health consequences, particularly those which may be exacerbated by long-term HAART use.
Overall, our study confirms the effectiveness of HAART in reducing both mortality and incident TB among HIVpositive individuals in sub-Saharan Africa [32, 33] . Although crude TB incidence rates did not vary significantly between those on and off HAART, after adjusting for most recent CD4 cell count, a significant effect of HAART on reduction in TB incidence is seen. The relative health of this wellness cohort as evidenced by a high median CD4 cell count at HAART initiation (185 cells/ml) could explain the absence of high mortality within the first 6 months of HAART as seen by other studies in South Africa [34, 35] .
This study has several limitations. First, it was conducted using a clinical cohort relying on self-report for many exposure variables. The overall mortality rate reported here (3.5%) suggests an incomplete reporting of deaths among the cohort and that a portion of those lost to follow-up are likely misclassified deaths; however, there is no reason to believe that such misclassification would occur differentially by participant BMI. Temporality of exposure and outcome are also an issue in this study, particularly in looking at TB, of which weight loss is one classic symptom. We attempted to minimize these effects to causal inference by examining the effect of BMI both as a baseline exposure and a time-varying one, lagged by one visit in order to ensure that the exposure period preceded the outcome diagnosis. Additionally, we repeated our analyses removing individuals who exhibited signs of wasting and, thus, may have been undiagnosed cases of TB at entry to the cohort, as well as individuals who had TB at their baseline visit without finding a change in our inferences about the association between BMI and development of TB. Residual confounding due to unmeasured factors -particularly socioeconomic -cannot be excluded, though we did include employment and household income in our multivariate models. A simple 'intention to treat' approach was used to examine the effect of cotrimoxazole use on mortality within this cohort, which could explain the attenuated effect size [aHR 0.84 (95% CI 0.65-1.1)]. A more in-depth analysis utilizing marginal structural models to appropriately handle confounding by indication and time-varying confounding affected by prior exposure may be more suitable to explore the influence of cotrimoxazole on mortality. Finally, we have no measures of viral load, dietary intake, or plasma micronutrient levels, making it difficult to identify a single protective factor. Additional body composition measures and nutritional assessments would add to our limited understanding of the biological mechanisms at work behind these findings. Nevertheless, our study's strength is that it includes several thousand HIV-infected adults using easily measured anthropomorphic measures in a cohort from a relatively well resourced setting with access to both cotrimoxazole and HAART.
Though this study does not attempt to elucidate the biological mechanisms behind the protective effect of obese and overweight BMI against TB and mortality, it does provide rationale for further studies to do so. Our study provides evidence that although it is a relatively crude measure, BMI may be a useful surrogate marker of risk of TB or death among HIV-positive individuals, but urgent studies are required to pinpoint the protective factor and to address detrimental health issues that may result from elevated BMI.
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